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A B S T R A C T   
This article illustrates how changes in the use of vegetal temper in Bronze Age earthen architecture in Crete are a 
key line of evidence for investigating the appearance of architectural craft specialization. The macroscopic study 
of sundried mudbricks is combined with geoarchaeological analyses (SEM and thin section petrography) to 
explore patterns and variations in the use of vegetal temper throughout the Pre-, Proto-, and Neopalatial periods 
(3650–1425 BCE). 
This diversity in the selection of vegetal temper is an important aspect of the chaîne opératoire, which points 
not only to opportunistic but also technological motivations in the selection of raw source material and also the 
development of earthen architecture. The seagrass species Posidonia oceanica is employed across the island, 
indicating a standardization of recipes between sites by manufacturers and builders.   
1. Introduction 
Continuous archaeological investigations since the early 20th cen-
tury have made Minoan Crete (c. 3650–1050 BCE) one of the most 
studied contexts of the eastern Mediterranean, characterized by a rich 
body of literature on a wide variety of aspects such as chronology, set-
tlement patterns, archaeozoological studies, and ceramic analysis. 
This article focuses on earthen architecture built during the Bronze 
Age, thus adopting the chronology and terminology commonly used for 
Crete characterized by a tripartite division into Early, Middle, and Late 
Minoan periods initially created by Arthur Evans based on Knossos 
stratigraphy and pottery typology (Evans, 1921). This chronology has 
been progressively adapted to the new archaeological evidence and 
linked to a periodization based on the different architectural palace 
phases (i.e., Prepalatial, Protopalatial, Neopalatial and Postpalatial 
period). Table 1 summarizes the relation between relative and absolute 
chronologies presenting both low and high chronologies, which date the 
Santorini eruption respectively to the late 16th century BCE or the late 
17th century BCE (For detailed discussion on high and low chronologies 
see Cherubini et al., 2014; Driessen, 2019; Manning, 2010; Pearson 
et al., 2018; Warren, 2006; Warren and Hankey, 1989). 
Minoan Crete is characterized by the presence of numerous settle-
ments of different type and size and with multiple occupational phases, 
such as Knossos, Malia, Gournia, Kommos, Kato Zakro, Palaikastro, and 
Vasiliki (Boyd-Hawes et al., 1908; Devolder, 2019; Driessen, 2004; 
McEnroe, 2010; Pelon, 1986; Poursat and Knappett, 2005; Shaw, 2015; 
Soles, 2003; Zois, 1976). Some of these settlements were provided with 
well-appointed monumental buildings, usually referred to as ‘palaces’. 
While Minoan architecture is multifaceted and characterized by the use 
of composite building materials, one commonality among Minoan set-
tlements is the use of earthen architecture in both domestic and palatial 
contexts (McEnroe, 2010; Shaw, 2009). Mudbrick is one class of mate-
rial culture that has received limited attention in comparison to others 
such as ashlars but that can provide rich data regarding environmental 
conditions and architectural practices related to specialization, stan-
dardization, and the manufacturing chaîne opératoire (Devolder, 2009; 
Devolder and Lorenzon, 2019; Guest-Papamanoli, 1978; Jerome, 1993; 
Lorenzon, 2017, 2021; Nodarou et al., 2008). 
This disregard of earthen building materials is due to a specific 
environmental predisposition that makes sundried mudbrick particu-
larly difficult to preserve in the humid Mediterranean climate (Lor-
enzon, 2021; Nodarou et al., 2008) and the archaeological assumption 
that earthen architecture is associated only with humble contexts, thus 
assumedly excluding these materials from monumental and public sites 
(Barbacci, 2020; McHenry, 1996; Van Beek and Van Beek, 2013). 
Mudbrick, however, was extensively employed in both ‘palatial’ and 
non-palatial structures, and its preservation is a consequence of the 
materials having undergone a conflagration event, thus preventing the 
progressive degradation of the mudbricks in the post-depositional pro-
cesses (Friesem et al., 2014; Lorenzon, 2021). 
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This article discusses the typology, function, and environmental 
impact of the vegetal temper selection in Minoan mudbrick manufacture 
and other types of earthen building materials (i.e., mud plaster, mud 
mortar and plastic earthen materials). This study also provides detailed 
environmental information as well as experimental testing regarding the 
properties of Minoan selected vegetal temper used in earthen con-
structions. As such, the article presents two distinctive sets of data: first, 
archaeological material was analysed to assess the type and prominence 
of vegetal temper in Minoan earthen building materials; second, 
experimental tests were conducted to assess the thermal and mechanical 
properties of vegetal tempers. 
This assessment provides us with a new set of data to investigate the 
relationship between the natural and built environment and the selec-
tion of raw source materials (Ayyad et al., 1991; Hendry and Belue, 
1936: 65-72; Hovsepyan and Willcox, 2008; Marinova et al., 2012; 
Willcox and Tengberg, 1995). Why is Minoan earthen construction 
characterized by the use of seagrasses? Why was a single species fav-
oured over others? What can its use tell us about architectural special-
ization, standardization, and the manufacturing chaîne opératoire? 
Leveraging data from building archaeology and geoarchaeology, a 
distinct picture emerges that re-defines the framework of analysis 
regarding Minoan earthen architecture and offers new perspectives to 
investigate mudbrick as material culture in Crete and other BA contexts 
in the eastern Mediterranean. 
1.1. Archaeological sites 
This research presents earthen building materials from three Minoan 
sites – Gournia, Malia, and Monastiraki – that are rather different in term 
of size, function, and geographical location, but are marked by extensive 
use of earthen architecture in the Minoan period and good preservation 
of architectural remains. Gournia is a relatively small town provided 
with a compact ‘palace’, located by the sea and characterized by a long 
occupational history; Malia, also by the sea with a long occupational 
history, is the site of one of the large Minoan ‘palaces’; and Monastiraki 
is an inland site, and its occupation spans a limited period. 
Gournia, a Minoan settlement in the eastern part of the island, was 
first discovered and excavated at the beginning of the 20th century by 
Harriet Boyd-Hawes (Boyd-Hawes et al., 1908), and since 2010 the site 
has been investigated by the Gournia Excavation project (GEP) led by L. 
Vance Watrous (Watrous et al., 2012; Watrous et al., 2015). Gournia has 
shown evidence of occupation from the Neolithic period, but earthen 
constructions mainly belong to the Bronze Age occupation levels, spe-
cifically the Protopalatial, Neopalatial and Postpalatial periods. The 
site’s extensive excavation has shed light not only on the morphology of 
the ‘palace’, but also on numerous domestic contexts, thus providing 
data to better understand the development of Minoan urbanization in 
the eastern part of Crete as well as a rich amount of earthen building 
material from the whole urban settlement (Boyd-Hawes et al., 1908; 
Buell and McEnroe, 2017; Watrous et al., 2015). 
Malia, located on the north coast of Crete, has been occupied since 
the late Neolithic period and presents an extensive Minoan urban 
development with multiple neighbourhoods surrounding the central 
‘palace’ (Carter and Kilikoglou, 2007; Darcque et al., 2014; Devolder, 
2016; Pelon, 1992; Pomadère, 2016; Pomadère and Gomrée, 2012; 
Poursat and Knappett, 2005). This study includes analysis of materials 
from the Minoan earthen materials in Quartier Mu, Quartier Delta-Pi, 
and the ‘Palace’, investigated under the aegis of the École française 
d’Athènes (EfA) and under the direction of M. Pomadère and M. 
Devolder (Devolder, 2016; Pomadère, 2016). 
Monastiraki is a Protopalatial site located in the western part of 
Crete, approximately 25 km from the southern coast of Crete. In the 
1940s, the site was initially investigated by German archaeologists 
during the German occupation of Crete in World War II and since the 
1980s by a Greek mission directed by A. Kanta that has discovered 
widespread earthen architectural remains and the extensive use of 
earthen building materials, also in conjunction with stone architecture 
(Kanta et al., 2012; Kanta and Marazzi, 2006, 2014; Lorenzon, 2020) 
(Fig. 1). 
2. Materials and method 
2.1. Materials 
This study focuses on the macroscopic analysis of all excavated 
earthen materials from the three sites for a total of approximately 
10,000 mudbrick fragments. One hundred and twenty samples were 
selected from among these to be subjected to extensive laboratory 
analysis with the permission of the respective Eforias and the Greek 
Ministry of Culture: 60 samples from Malia, 30 from Gournia, and 30 
from Monastiraki. The sampling rationale took into consideration 
diverse variables to provide a wide range of samples, so as to guarantee 
samples from multiple diachronic horizons by selecting them from early 
to late occupation of the sites, and from a variety of contexts by col-
lecting material from diverse building typologies (i.e., ‘palace’, work-
shops and domestic) (Table 2). 
2.2. Methods 
During the cataloguing of the mudbrick fragments, several samples 
were analysed macroscopically in the field through DinoLite AM413 and 
Table 1 
Chronology of Bronze Age Crete.  
Period Phase High Chronology 
(Manning 2010) 
Low Chronology (Warren 
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in laboratory settings with a stereoscopic Leica M10 Stereozoom mi-
croscope (magnification 8x-80x). 
The analytical recording of temper impressions was used to identify 
vegetal temper in order to document its morphology and the main 
characteristics that could impact manufacturing practices (e.g., length of 
vegetal temper used) (Hovsepyan and Willcox, 2008; Willcox and 
Tengberg, 1995; Willcox and Fornite, 1999). The identifications 
depended on the impression containing diagnostic characteristics such 
as a stem, rachis, or glume. Petrographic analysis of thin sections was 
performed with a polarizing microscope according to Bullock’s criteria 
(Bullock et al., 1985) to analyse and classify the voids’ consistency and 
associability with specific types of tempering agents (i.e., vegetal or 
mineral) using a Leica LaborLux 12PolS Leica polarized optical micro-
scope (Wiener Laboratory for Archaeological Science, ASCSA, Greece). 
The petrographic analysis (40x and 100x) provided detailed images to 
quantify voids associated with vegetal temper and to describe the 
morphology of different voids, but possible association with vegetal 
temper depends on the charred remains containing diagnostic charac-
teristics (Matthews, 2008, 2010; Matthews et al., 1996, 1997; Quinn, 
2013: 97-100). 
Mudbrick fragments were also investigated by SEM-EDS, using a 
JEOL JMS-IT300LV instrument, operating at 20 kV to 80 kV, equipped 
with X-ray energy dispersive spectroscopy (Wiener Laboratory for 
Archaeological Science, ASCSA, Greece) (Fuller, 2013; Lorenzon and 
Iacovou, 2019; Rodríguez and Zoilo, 2002). 
The experimental testing employed a drying oven, Binder ED 260; a 
furnace, Carbolite RHF 15/3m, with a maximum temperature 1500 ◦C; 
and thermocouples to measure and record differences in thermal 
behaviour. 
3. Results 
3.1. Archaeological samples 
Initial macroscopical analysis conducted in the field with a stereo-
scopic microscope (magnification 20x) on the earthen building materials 
indicated the use of two distinct types of vegetal temper in Minoan 
mudbrick manufacturing: chaff and seagrasses (Fig. 2). While chaff is a 
common type of vegetal temper that is found in earthen materials from 
Egypt to the Levant and from Greece to the Caucasus and is a by-product 
of agricultural activities used in construction (Ayyad et al., 1991; Mar-
inova et al., 2012; Willcox and Fornite, 1999), the identification of 
seagrasses is quite unusual, as they were not used in such a systematic 
fashion in any other region of the eastern Mediterranean area during the 
Bronze Age (Devolder, 2009; Guest-Papamanoli, 1978; Lorenzon, 2017). 
As the material analysed had undergone a conflagration it was not 
possible to extract plant remains through flotation, but it was feasible to 
examine the impressions left in the mudbricks, especially of diagnostic 
plant elements such as glume or seeds that made it possible to identify 
some of the species, namely barley (Hordeum spontaneum), and emmer 
(Triticum), although in the latter case it was only possible to identify the 
genus (Fig. 3). 
Likewise, the distinctive impressions left by the seagrasses made it 
possible to identify the species employed at the three sites as Posidonia 
oceanica, a common seagrass belonging to the Posidoniaceae family – also 
called Neptune grass (Delile, 1813: 78; Guest-Papamanoli, 1978: 6) and 
endemic in the eastern Mediterranean (Marbà et al., 2014; Pergent- 
Martini et al., 2005) (Fig. 4). 
The stereoscopic analysis of seagrasses highlights their use already in 
Protopalatial fragments alongside chaff, with mixed percentages of use. 
The use of seagrasses increased in the Neopalatial period, while the use 
of chaff was reduced in mudbricks, indicating that seagrasses were the 
preferred vegetal temper for mudbrick manufacture. 
Seagrasses were identified in materials from all three sites analysed, 
but only in mudbrick samples, not in mud plaster or mud mortar frag-
ments. In the Protopalatial and Neopalatial mud plaster and mud mortar 
continued to be manufactured following previous traditions, and ste-
reoscopic analysis indicates the exclusive use of chaff from cereal 
cultivation in the former and a lack of vegetal temper in the latter. On 
the other hand, plastic earthen materials present numerous seagrass 
impressions when used in ceiling structures and/or as levelling layers in 
the walls (Devolder and Lorenzon, 2019; Lorenzon, 2017) (Fig. 5). 
Initially, this research focused on identifying the presence of Pos-
idonia oceanica phytoliths (i.e., silica particles) in the mudbricks. Phy-
toliths were extracted from modern Posidonia oceanica collected in Crete 
and analysed to create a base for comparison with the archaeological 
samples. 
Modern Posidonia oceanica samples were collected from the beach, 
and leaves were selected for the analysis as they constitute the parts 
utilized in mudbrick manufacture. A small leaf fragment was submerged 
in a solution of HCl until it became transparent, and it was then exam-
ined under polarized light (Rosen, 2008). The analysis highlighted that 
Posidonia oceanica does not present any type of phytoliths, thus pre-
venting this analytical assessment from being used in other Aegean 
Fig. 1. Map of the study area and sites mentioned in the text (Courtesy of Maija Holappa; Data source from NASA/JPL-Caltech/National Geospatial Intelli-
gence Agency). 
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contexts (Fig. 6). Hence the identification of Posidonia oceanica still re-
lies on impressions left in earthen building materials. 
Minoan mudbricks are usually divided into two macro-fabrics: a 
coarse macro-fabric that presents numerous inclusions larger than 2 cm, 
such as pottery sherds, bones and small stones, and a fine macro-fabric 
with small inclusion that indicates a pre-processing (i.e., sieving) of the 
Table 2 
Samples selected for analytical testing, period and original context.  
Sample ID Site Context Period 
MO1 Monastiraki East Mount Protopalatial 
MO2 Monastiraki East Mount Protopalatial 
MO3 Monastiraki East Mount Protopalatial 
MO4 Monastiraki East Mount Protopalatial 
MO5 Monastiraki East Mount Protopalatial 
MO6 Monastiraki East Mount Protopalatial 
MO7 Monastiraki East Mount Protopalatial 
MO8 Monastiraki East Mount Protopalatial 
MO9 Monastiraki East Mount Protopalatial 
MO10 Monastiraki East Mount Protopalatial 
MO11 Monastiraki East Mount Protopalatial 
MO12 Monastiraki East Mount Protopalatial 
MO13 Monastiraki East Mount Protopalatial 
MO14 Monastiraki East Mount Protopalatial 
MO15 Monastiraki East Mount Protopalatial 
MO16 Monastiraki East Mount Protopalatial 
MO17 Monastiraki East Mount Protopalatial 
MO18 Monastiraki East Mount Protopalatial 
MO19 Monastiraki East Mount Protopalatial 
MO20 Monastiraki East Mount Protopalatial 
MO21 Monastiraki East Mount Protopalatial 
MO22 Monastiraki East Mount Protopalatial 
MO23 Monastiraki East Mount Protopalatial 
MO24 Monastiraki East Mount Protopalatial 
MO25 Monastiraki East Mount Protopalatial 
MO26 Monastiraki East Mount Protopalatial 
MO27 Monastiraki East Mount Protopalatial 
MO28 Monastiraki East Mount Protopalatial 
MO29 Monastiraki East Mount Protopalatial 
MO30 Monastiraki East Mount Protopalatial 
GOU1 Gournia Pit House Neopalatial 
GOU2 Gournia Palace Neopalatial 
GOU3 Gournia Palace Neopalatial 
GOU4 Gournia Metal workshop Neopalatial 
GOU5 Gournia Palace Neopalatial 
GOU6 Gournia Palace Protopalatial 
GOU7 Gournia Pit House Protopalatial 
GOU8 Gournia NW North Area Protopalatial 
GOU9 Gournia Pit House Neopalatial 
GOU10 Gournia Pit House Neopalatial 
GOU11 Gournia NW North Area Protopalatial 
GOU12 Gournia House Aa Protopalatial 
GOU13 Gournia NW North Area Protopalatial 
GOU14 Gournia NW South Area Protopalatial 
GOU15 Gournia NW North Area Protopalatial 
GOU16 Gournia Pit House Protopalatial 
GOU17 Gournia Pit House Neopalatial 
GOU18 Gournia Pit House Neopalatial 
GOU19 Gournia Palace Neopalatial 
GOU20 Gournia Pit House Neopalatial 
GOU21 Gournia Pit House Neopalatial 
GOU22 Gournia Palace Neopalatial 
GOU23 Gournia Pit House Protopalatial 
GOU24 Gournia NW North Area Neopalatial 
GOU25 Gournia Pit House Protopalatial 
GOU26 Gournia NW North Area Protopalatial 
GOU27 Gournia Pit House Neopalatial 
GOU28 Gournia Pit House Protopalatial 
GOU29 Gournia Pit House Neopalatial 
GOU30 Gournia Pit House Neopalatial 
MA1 Malia Palace Prepalatial 
MA2 Malia Palace Neopalatial 
MA3 Malia Palace Neopalatial 
MA4 Malia Palace Neopalatial 
MA5 Malia Palace Neopalatial 
MA6 Malia Palace Neopalatial 
MA7 Malia Palace Neopalatial 
MA8 Malia Palace Neopalatial 
MA9 Malia Palace Neopalatial 
MA10 Malia Palace Neopalatial 
MA11 Malia Palace Protopalatial 
MA12 Malia Palace Protopalatial 
MA13 Malia Palace Neopalatial 
MA14 Malia Palace Neopalatial  
Table 2 (continued ) 
Sample ID Site Context Period 
MA15 Malia Palace Neopalatial 
MA16 Malia Quartier Mu Protopalatial 
MA17 Malia Quartier Mu Protopalatial 
MA18 Malia Quartier Mu Protopalatial 
MA19 Malia Quartier Mu Protopalatial 
MA20 Malia Quartier Mu Protopalatial 
MA21 Malia Quartier Mu Protopalatial 
MA22 Malia Quartier Mu Protopalatial 
MA23 Malia Quartier Mu Protopalatial 
MA24 Malia Quartier Mu Protopalatial 
MA25 Malia Quartier Mu Protopalatial 
MA26 Malia Quartier Mu Protopalatial 
MA27 Malia Quartier Mu Protopalatial 
MA28 Malia Quartier Mu Protopalatial 
MA29 Malia Quartier Mu Protopalatial 
MA30 Malia Quartier Mu Protopalatial 
MA31 Malia Quartier Delta-Pi Protopalatial 
MA32 Malia Quartier Delta-Pi Neopalatial 
MA33 Malia Quartier Delta-Pi Protopalatial 
MA34 Malia Quartier Delta-Pi Proto and Neopalatial 
MA35 Malia Quartier Delta-Pi Protopalatial 
MA36 Malia Quartier Delta-Pi Protopalatial 
MA37 Malia Quartier Delta-Pi Neopalatial 
MA38 Malia Quartier Delta-Pi Neopalatial 
MA39 Malia Quartier Delta-Pi Proto and Neopalatial 
MA40 Malia Quartier Delta-Pi Proto and Neopalatial 
MA41 Malia Quartier Delta-Pi Neopalatial 
MA42 Malia Quartier Delta-Pi Protopalatial 
MA43 Malia Quartier Delta-Pi Neopalatial 
MA44 Malia Quartier Delta-Pi Neopalatial 
MA45 Malia Quartier Delta-Pi Neopalatial 
MA46 Malia Quartier Delta-Pi Neopalatial 
MA47 Malia Quartier Delta-Pi Neopalatial 
MA48 Malia Quartier Delta-Pi Proto and Neopalatial 
MA49 Malia Quartier Delta-Pi Proto and Neopalatial 
MA50 Malia Quartier Delta-Pi Neopalatial 
MA51 Malia Quartier Delta-Pi Prepalatial 
MA52 Malia Quartier Delta-Pi Neopalatial 
MA53 Malia Quartier Delta-Pi Neopalatial 
MA54 Malia Quartier Delta-Pi Protopalatial 
MA55 Malia Quartier Delta-Pi Protopalatial 
MA56 Malia Quartier Delta-Pi Neopalatial 
MA57 Malia Quartier Delta-Pi Protopalatial 
MA58 Malia Quartier Delta-Pi Protopalatial 
MA59 Malia Quartier Delta-Pi Neopalatial 
MA60 Malia Quartier Delta-Pi Neopalatial  
Fig. 2. Chaff and seagrass impressions. A. Chaff impression from Gournia 
(Photo credit: Janet Spiller, © Courtesy of the GEP). B. Seagrass impression 
from Malia (Photo by the author). 
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soil for building material manufacture (Devolder and Lorenzon, 2019). 
Both macro-fabrics are present at all three sites, and are one indicator of 
the different skill levels of the manufacturers. It is relevant to highlight 
that both macro-fabrics present the use of seagrasses alongside chaff in 
the Protopalatial samples taken from palatial and domestic contexts. 
There is a progressive increase in use of seagrasses during this period, 
almost to the exclusion of any other vegetal temper during the Neo-
palatial period in Gournia and Malia. Furthermore, stereoscopic analysis 
highlights that while the chaff used was made of short pieces, of a 
maximum 30 mm in length and approximately 2 mm width, seagrasses 
added to mudbrick recipes were 10–15 mm wide and had an average 
length of 130–150 mm (Fig. 7). 
The diverse use of vegetal temper was also reflected in the petro-
graphic analysis of the Gournia, Malia, and Monastiraki samples, as 
indicated by the morphological analysis of voids, which identified two 
different types of voids associated with chaff and seagrasses. Chaff, or 
straw, leaves meso-elongated planar voids, while seagrasses present 
longish planar voids (Figs. 8 and 9). 
Fig. 3. Chaff impressions: A. barley (Hordeum spontaneum) and B. emmer (Triticum). (Photo credit: Janet Spiller, © Courtesy of the GEP).  
Fig. 4. Posidonia oceanica impressions at the three sites: A. Gournia (Photo credit: Janet Spiller, © Courtesy of the GEP); B. Malia (Photo by the author); C. 
Monastiraki (Photo by the author). 
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While petrographic analysis provides us with the qualitative data 
needed to identify the types of vegetal temper based on the voids’ 
distinctive patterns, it also allows us to create a quantification of the 
total percentage of vegetal temper used in mudbrick recipes at each site. 
A first visual estimation was initially carried out in the field and 
through stereoscopic microscopy; a more accurate statistical analysis 
was carried out through point counting in petrographic analysis, which 
allows for a quantification of the vegetal temper used. The quantity per 
square cm (density by volume) was recorded by visual estimation. All 
measurements were recorded and averaged to indicate the relative 
percentage of vegetal temper per sample, with an error of ± 5% (Bullock 
et al., 1985: Fig. 21.24-7; Matthews, 2010) (Table 3). 
The graphic representation indicates the samples from Monastiraki 
had a higher percentage of vegetal temper than the samples from 
Gournia and Malia (Fig. 10). Considering that Malia and Gournia 
mudbricks employed a higher quantity of seagrasses compared to chaff, 
these results indicate that the use of seagrasses reduces the overall 
amount of vegetal temper required in mudbrick manufacturing and also 
suggests a different density quantity per site. This difference is visible 
even within a single site sample range, as for instance at Malia and 
Gournia; the mudbricks with chaff present a higher vegetal temper 
quantity than a mudbrick with seagrasses. 
3.2. Experimental research 
In order to better understand the functionality of seagrasses in 
earthen building materials, a systematic series of analyses were con-
ducted in the laboratory determine the architectural properties of Pos-
idonia oceanica and its role in earthen architecture. 
First, a heating experiment was conducted to determine Posidonia 
oceanica’s thermal performance in comparison to chaff. The experiment 
utilized modern soil similar in composition to the archaeological sam-
ples, and two different types of vegetal temper: chaff from barley and 
Posidonia oceanica collected from the shores of Crete. The soil was mixed 
with water in two bowls and different vegetal temper was added to each 
mix; once the resulting “dough” was kneaded for multiple days (twice a 
day for 30 min for 5 days) and then left to rest for 24 hrs, the mud mix 
was poured into two circular moulds and left to dry. The circular mould 
was selected to create surfaces that would have an equal heat distribu-
tion to the entire surface to facilitate the measuring of temperature 
during the experiment. 
The result was two briquettes modelled into round discs of 5 cm 
diameter (Fig. 11). In the thermal experiment, the thermocouples’ sen-
sors were inserted along the height of the discs and as energy is equally 
radiated from the centre of a disc, this allowed for reliable and consistent 
measurements. 
The discs’ composition was obtained by mixing soil (40 g) with water 
(100 ml) and vegetal temper (15 g of Posidonia oceanica for disc 1 and 
15 g of chaff for disc 2). The two discs had the same soil composition 
(clay 10%; silt 35%; sand 55%) and only differed in their tempering. The 
first disc, tempered with Posidonia oceanica, weighed 58.3 g, while the 
second, tempered with straw, 56.8 g. 
The discs were then put in the oven and heated until they reached a 
temperature of 100 ◦C. Three thermocouples were used in the experi-
ment to record the temperature of the two discs, measuring the samples 
Fig. 5. Seagrasses in Neopalatial mudbricks (A) and plastic earthen material (B), Delta-Pi, Malia (Photo by the author).  
Fig. 6. Posidonia microphotograph evidencing the lack of phytoliths.  
Fig. 7. Seagrass impressions on mudbrick, Posidonia oceanica (Photo credit: 
Janet Spiller, © Courtesy of the GEP). 
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every 60 s for a total of 296 measurements. The first thermocouple 
measured the oven temperature (n.1), while the other two were con-
nected to the samples: the thermocouple n.2 was connected to the straw/ 
soil disc and n.3 was connected to the Posidonia oceanica/soil disc. The 
starting temperature of the oven was 58 ◦C, and it took 17 min to reach 
the desired temperature of 100 ◦C. The samples were heated for 30 min 
and then left to cool in the oven. The results are recorded in Table 4, 
showing a general performance aligned with the standard for earthen 
architecture (Minke, 2006: 29-32). Within this framework, the Posidonia 
oceanica/soil disc showed a better thermal performance than the chaff/ 
soil disc (Table 4 and Fig. 12). The Posidonia oceanica disc took longer to 
heat up and was slower in releasing its heat. Even with the limited size 
and weight of the discs (56–58 g), the experiment showed a difference at 
peak temperature, highlighting a trend in thermal performance. Thus, 
the experiment supports the hypothesis that mudbrick tempered with 
Posidonia oceanica has a better thermal performance than that with 
chaff. 
Second, petrographic analysis of the two discs highlighted a clear 
morphological difference between the voids left by chaff and seagrasses, 
with the latter leaving wide and longitudinal impressions while chaff 
impressions are short and of a smaller diameter. These experimental 
petrographic analyses illustrate the differences in voids between chaff 
and seagrasses, supporting the finds in archaeological materials that 
indicate a morphological dissimilarity of the voids based on the type of 
vegetal temper (Fig. 13). 
Third, Posidonia oceanica was tested to determine its water absorp-
tion coefficient in comparison to straw chaff. The analysis was per-
formed by immersing the material in water at room temperature for 24 
hrs, following the guidelines ISO 62:2008 (DIN EN, 2008) (for meth-
odology see Olacia et al., 2019). The water absorption coefficient was 




× 100  
where W% is the coefficient of water absorption, Ww is the weight after 
immersion in water, and Wd the initial dry weight. 
The results indicated that seagrasses have a lower coefficient than 
straw, 300% to 350% respectively, and these results are a good match 
Fig. 8. Void differences between chaff and seagrasses. Thin sections evidencing the specifics of manufacturing practices (PPL). The voids’ shapes indicate different 
types of vegetal temper: chaff in MA 19 (A) and seagrass in MA 32 (B). 
Fig. 9. SEM photomicrograph showing voids left by vegetal temper visible in the mudbrick structures (MO 9).  
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Table 3 
Percentage of vegetal temper in the samples.  
Sample ID Vegetal Percentage % sample ID Vegetal Percentage % sample ID Vegetal Percentage % sample ID Vegetal Percentage % 
MO1 40 MA1 40 MA31 30 GOU1 40 
MO2 30 MA2 60 MA32 30 GOU2 30 
MO3 40 MA3 30 MA33 30 GOU3 30 
MO4 40 MA4 50 MA34 30 GOU4 20 
MO5 40 MA5 30 MA35 30 GOU5 20 
MO6 40 MA6 30 MA36 30 GOU6 30 
MO7 50 MA7 30 MA37 70 GOU7 30 
MO8 40 MA8 30 MA38 40 GOU8 30 
MO9 40 MA9 30 MA39 30 GOU9 30 
MO10 40 MA10 30 MA40 40 GOU10 30 
MO11 40 MA11 30 MA41 40 GOU11 30 
MO12 50 MA12 40 MA42 40 GOU12 30 
MO13 50 MA13 50 MA43 30 GOU13 30 
MO14 20 MA14 30 MA44 20 GOU14 40 
MO15 50 MA15 40 MA45 30 GOU15 20 
MO16 30 MA16 30 MA46 30 GOU16 40 
MO17 40 MA17 70 MA47 30 GOU17 30 
MO18 40 MA18 30 MA48 30 GOU18 20 
MO19 40 MA19 30 MA49 30 GOU19 30 
MO20 30 MA20 30 MA50 30 GOU20 20 
MO21 30 MA21 30 MA51 30 GOU21 30 
MO22 50 MA22 30 MA52 30 GOU22 20 
MO23 40 MA23 30 MA53 30 GOU23 30 
MO24 40 MA24 30 MA54 30 GOU24 30 
MO25 40 MA25 30 MA55 30 GOU25 30 
MO26 30 MA26 30 MA56 30 GOU26 30 
MO27 40 MA27 30 MA57 30 GOU27 30 
MO28 50 MA28 30 MA58 30 GOU28 30 
MO29 40 MA29 30 MA59 30 GOU29 20 
MO30 40 MA30 30 MA60 40 GOU30 30  
Fig. 10. Graph of density % of vegetal temper at the three sites analysed.  
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with previous studies conducted on the water absorption of natural fi-
bres (Bouasker et al., 2014; Olacia et al., 2019). This indicates that 
seagrasses have a lower water absorption rate, which improves their 
mixing with soil by reducing the overall amount of shrinkage, although 
these results must also consider the temperature and air humidity 
variability in different climates. 
This is also reflected in the fact that seagrasses naturally retain a high 
amount of water in the cellular structure of their leaves due to their 
particular morphology and growth pattern (Alcoverro et al., 1995). As 
Posidonia oceanica employs its leaves as a nutrient resorption strategy, 
they can absorb nutriments through their leaves as indicated by the 
average nitrogen and phosphorus resorption efficiency (%RN and %RP, 
respectively). Previous experimental analysis has indicated that the ni-
trogen and phosphorus resorption efficiency of Posidonia oceanica av-
erages between 24 and 40 %RN and 34–35 %RP (Alcoverro, 1995; 
Hemminga et al., 1999; Stapel and Hemminga, 1997), confirming that 
the nutrient level, and therefore the water content, in the leaves is higher 
than that for roots and rhizomes. The elevated saltwater content of 
seagrasses is also reflected in the white efflorescences left in the mud-
brick impressions. Contextualizing these results within the mudbrick 
chaîne opératoire, the numerous salt efflorescences indicate that the 
seagrasses were not rinsed in fresh water before being added to the mud 
mixture. This operational step interpretation is also supported by the 
evidence of numerous small marine gastropods in the fabric of the 
mudbricks. The marine gastropods were naturally attached to the leaves, 
and were thus incorporated in the mud mixture with the seagrasses, 
becoming part of the brick fabric (Devolder and Lorenzon, 2019; Lor-
enzon, 2017; Veropoulidou, 2019) (Fig. 14). 
Fourth, recent studies on the use of seagrasses in modern earthen 
architecture have confirmed their thermal properties and highlighted 
the better mechanical performance of earthen blocks incorporating 
lengthy fibre materials (Achenza and Fenu, 2006; Binici et al. 2005; 
Dove, 2014; Dove et al., 2016; Galán-Marín et al., 2013; Galán-Marín 
et al., 2010; Olacia et al., 2019). Specifically, these experimental works 
have shown that mudbricks with seagrasses are characterized by an 
increase in plasticity (Achenza and Fenu, 2006), compressive strength 
(Dove et al., 2016; Galán-Marín et al., 2010; Olacia et al., 2019), and 
increased material resistance due to the addition of natural polymers 
from seagrasses (Achenza and Fenu, 2006; Galán-Marín et al., 2013). 
There are some challenges in creating an exact correspondence between 
modern experimental materials and archaeological samples, as, for 
instance, the seagrasses employed in these studies were washed before 
use (Achenza and Fenu, 2006), or studies show differential results ac-
cording to the type of soil and seaweed used (Dove, 2014; Galán-Marín 
et al., 2013). Still these experimental results also indicate the relevance 
of seagrass as a conduit to enhance building material performance, with 
the understanding that the full spectrum of technological advances in 
Fig. 11. Experimental Discs  
Table 4 
Table with temperatures measured during the experimental test.  
No Time Temp n.1 Temp n.2 Temp n.3 
1 11:28:40  53.2  40.0  39.5 
2 11:29:40  55.6  42.0  41.5 
3 11:30:40  59.3  44.4  43.8 
4 11:31:40  63.6  47.1  46.2 
5 11:32:40  68.1  50.0  48.7 
6 11:33:40  72.1  53.0  51.3 
7 11:34:40  77.0  56.2  54.7 
8 11:35:40  79.9  59.3  57.5 
9 11:36:40  82.8  62.3  60.2 
10 11:37:40  85.9  65.1  62.9 
11 11:38:40  87.9  67.5  65.1 
12 11:39:40  89.1  69.7  67.5 
13 11:40:40  91.5  71.8  69.6 
14 11:41:40  92.6  73.9  71.9 
15 11:42:40  94.4  75.9  73.8 
16 11:43:40  95.1  77.5  75.5 
17 11:44:40  96.1  79.1  77.2 
18 11:45:40  96.4  80.7  78.7 
19 11:46:40  97.3  81.9  80.0 
20 11:47:40  97.7  83.1  81.1 
21 11:48:40  98.0  84.3  82.4 
22 11:49:40  98.4  85.2  83.5 
23 11:50:40  98.8  86.2  84.5 
24 11:51:40  99.6  87.0  85.4 
25 11:52:40  100.3  87.9  86.4 
26 11:53:40  100.4  88.8  87.2 
27 11:54:40  100.8  89.7  88.0 
28 11:55:40  101.2  90.3  88.8 
29 11:56:40  101.6  90.9  89.4 
30 11:57:40  101.7  91.6  90.1 
31 11:58:40  102.0  92.2  90.6 
32 11:59:40  102.0  92.8  91.2 
33 12:00:40  102.2  93.4  91.8 
34 12:01:40  102.3  93.7  92.2 
35 12:02:40  102.4  94.1  92.6 
36 12:03:40  102.5  94.5  93.0 
37 12:04:40  102.6  94.9  93.5 
38 12:05:40  102.6  95.3  93.9 
39 12:06:40  102.7  95.7  94.2 
40 12:07:40  102.6  96.0  94.5 
41 12:08:40  102.7  96.2  94.8 
42 12:09:40  102.8  96.5  95.0 
43 12:10:40  102.8  96.6  95.3 
44 12:11:40  102.7  96.9  95.7 
45 12:12:40  102.7  97.0  95.9 
46 12:13:40  102.8  97.3  96.1 
47 12:14:40  102.6  97.4  96.2 
48 12:15:40  102.7  97.6  96.4 
49 12:16:40  102.7  97.8  96.6 
50 12:17:40  102.7  97.9  96.8 
51 12:18:40  102.5  98.1  97.0 
52 12:19:40  102.5  98.1  97.1 
53 12:20:40  102.4  98.2  97.1 
54 12:21:40  102.2  98.3  97.2 
55 12:22:40  102.0  98.2  97.2 
56 12:23:40  101.9  98.2  97.3 
57 12:24:40  101.6  98.1  97.2 
58 12:25:40  101.4  98.0  97.1 
59 12:26:40  101.1  98.0  97.1 
60 12:27:40  100.8  97.8  96.9 
61 12:28:40  100.6  97.7  96.9 
62 12:29:40  100.1  97.5  96.7 
63 12:30:40  99.7  97.3  96.5 
64 12:31:40  99.3  97.0  96.3 
65 12:32:40  99.0  96.9  96.2 
66 12:33:40  98.6  96.6  96.0 
67 12:34:40  98.2  96.4  95.7 
68 12:35:40  97.7  96.1  95.5 
69 12:36:40  97.3  95.8  95.3 
70 12:37:40  97.0  95.6  95.1 
71 12:38:40  96.6  95.3  94.8 
72 12:39:40  96.2  95.0  94.5 
73 12:40:40  95.6  94.7  94.2 
74 12:41:40  95.3  94.3  93.9 
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Table 4 (continued ) 
No Time Temp n.1 Temp n.2 Temp n.3 
75 12:42:40  94.7  94.0  93.6 
76 12:43:40  94.2  93.7  93.3 
77 12:44:40  93.8  93.4  93.1 
78 12:45:40  93.4  93.1  92.7 
79 12:46:40  92.9  92.7  92.4 
80 12:47:40  92.5  92.3  92.1 
81 12:48:40  92.0  92.0  91.7 
82 12:49:40  91.6  91.6  91.4 
83 12:50:40  91.2  91.2  91.0 
84 12:51:40  90.7  90.8  90.6 
85 12:52:40  90.2  90.5  90.3 
86 12:53:40  89.8  90.1  89.9 
87 12:54:40  89.4  89.8  89.6 
88 12:55:40  89.0  89.4  89.2 
89 12:56:40  88.5  89.0  88.8 
90 12:57:40  88.0  88.6  88.5 
91 12:58:40  87.6  88.3  88.1 
92 12:59:40  87.2  87.9  87.7 
93 13:00:40  86.6  87.4  87.3 
94 13:01:40  86.3  87.0  86.9 
95 13:02:40  85.8  86.6  86.6 
96 13:03:40  85.4  86.2  86.1 
97 13:04:40  85.0  85.9  85.8 
98 13:05:40  84.6  85.5  85.4 
99 13:06:40  84.1  85.1  85.0 
100 13:07:40  83.8  84.8  84.7 
101 13:08:40  83.4  84.4  84.3 
102 13:09:40  83.0  84.0  83.9 
103 13:10:40  82.6  83.6  83.6 
104 13:11:40  82.1  83.2  83.1 
105 13:12:40  81.8  82.8  82.7 
106 13:13:40  81.2  82.4  82.4 
107 13:14:40  80.9  82.0  82.0 
108 13:15:40  80.5  81.7  81.7 
109 13:16:40  80.0  81.3  81.3 
110 13:17:40  79.7  80.9  80.9 
111 13:18:40  79.3  80.5  80.5 
112 13:19:40  78.9  80.2  80.2 
113 13:20:40  78.5  79.8  79.9 
114 13:21:40  78.1  79.5  79.5 
115 13:22:40  77.7  79.1  79.2 
116 13:23:40  77.3  78.7  78.7 
117 13:24:40  77.0  78.3  78.4 
118 13:25:40  76.6  78.0  78.0 
119 13:26:40  76.2  77.6  77.7 
120 13:27:40  75.9  77.2  77.3 
121 13:28:40  75.5  76.9  76.9 
122 13:29:40  75.1  76.5  76.6 
123 13:30:40  74.8  76.2  76.2 
124 13:31:40  74.4  75.8  75.9 
125 13:32:40  74.2  75.5  75.6 
126 13:33:40  73.8  75.2  75.2 
127 13:34:40  73.4  74.8  74.9 
128 13:35:40  73.0  74.4  74.5 
129 13:36:40  72.7  74.1  74.1 
130 13:37:40  72.3  73.8  73.8 
131 13:38:40  72.0  73.4  73.5 
132 13:39:40  71.6  73.1  73.2 
133 13:40:40  71.3  72.7  72.8 
134 13:41:40  70.8  72.4  72.4 
135 13:42:40  70.5  72.1  72.2 
136 13:43:40  70.4  71.8  71.8 
137 13:44:40  70.0  71.5  71.5 
138 13:45:40  69.8  71.2  71.2 
139 13:46:40  69.3  70.8  70.8 
140 13:47:40  69.0  70.5  70.5 
141 13:48:40  68.7  70.2  70.2 
142 13:49:40  68.5  69.9  69.9 
143 13:50:40  68.1  69.6  69.6 
144 13:51:40  67.8  69.2  69.3 
145 13:52:40  67.5  69.0  69.0 
146 13:53:40  67.1  68.6  68.6 
147 13:54:40  66.9  68.3  68.3 
148 13:55:40  66.6  68.0  68.0 
149 13:56:40  66.3  67.8  67.8 
150 13:57:40  65.9  67.4  67.4  
Table 4 (continued ) 
No Time Temp n.1 Temp n.2 Temp n.3 
151 13:58:40  65.7  67.1  67.1 
152 13:59:40  65.4  66.8  66.9 
153 14:00:40  65.1  66.6  66.6 
154 14:01:40  64.8  66.2  66.2 
155 14:02:40  64.5  65.9  65.9 
156 14:03:40  64.2  65.6  65.7 
157 14:04:40  64.0  65.4  65.4 
158 14:05:40  63.6  65.1  65.1 
159 14:06:40  63.4  64.8  64.8 
160 14:07:40  63.1  64.5  64.5 
161 14:08:40  62.8  64.3  64.2 
162 14:09:40  62.5  64.0  64.0 
163 14:10:40  62.2  63.7  63.7 
164 14:11:40  62.0  63.4  63.4 
165 14:12:40  61.7  63.2  63.1 
166 14:13:40  61.4  62.9  62.9 
167 14:14:40  61.2  62.7  62.7 
168 14:15:40  60.8  62.3  62.3 
169 14:16:40  60.6  62.1  62.1 
170 14:17:40  60.4  61.8  61.8 
171 14:18:40  60.2  61.6  61.6 
172 14:19:40  59.9  61.3  61.3 
173 14:20:40  59.6  61.1  61.1 
174 14:21:40  59.3  60.7  60.7 
175 14:22:40  59.2  60.5  60.5 
176 14:23:40  58.9  60.3  60.3 
177 14:24:40  58.6  60.1  60.1 
178 14:25:40  58.3  59.8  59.7 
179 14:26:40  58.1  59.6  59.5 
180 14:27:40  57.8  59.3  59.3 
181 14:28:40  57.7  59.1  59.1 
182 14:29:40  57.5  58.9  58.9 
183 14:30:40  57.2  58.6  58.5 
184 14:31:40  56.9  58.4  58.3 
185 14:32:40  56.7  58.1  58.1 
186 14:33:40  56.5  57.9  57.9 
187 14:34:40  56.2  57.6  57.6 
188 14:35:40  56.0  57.4  57.4 
189 14:36:40  55.8  57.2  57.2 
190 14:37:40  55.6  57.0  57.0 
191 14:38:40  55.3  56.7  56.7 
192 14:39:40  55.0  56.5  56.5 
193 14:40:40  54.9  56.2  56.2 
194 14:41:40  54.6  56.0  56.0 
195 14:42:40  54.4  55.8  55.8 
196 14:43:40  54.2  55.5  55.5 
197 14:44:40  53.9  55.4  55.4 
198 14:45:40  53.8  55.2  55.2 
199 14:46:40  53.5  54.9  54.9 
200 14:47:40  53.4  54.7  54.7 
201 14:48:40  53.2  54.5  54.5 
202 14:49:40  52.8  54.2  54.3 
203 14:50:40  52.7  54.1  54.1 
204 14:51:40  52.5  53.8  53.9 
205 14:52:40  52.4  53.7  53.7 
206 14:53:40  52.1  53.4  53.5 
207 14:54:40  52.0  53.2  53.3 
208 14:55:40  51.7  53.0  53.0 
209 14:56:40  51.5  52.8  52.9 
210 14:57:40  51.3  52.6  52.7 
211 14:58:40  51.2  52.5  52.5 
212 14:59:40  51.0  52.2  52.2 
213 15:00:40  50.7  52.1  52.1 
214 15:01:40  50.6  51.9  51.9 
215 15:02:40  50.4  51.7  51.7 
216 15:03:40  50.2  51.4  51.4 
217 15:04:40  50.0  51.3  51.3 
218 15:05:40  49.8  51.1  51.1 
219 15:06:40  49.7  50.9  50.9 
220 15:07:40  49.5  50.8  50.8 
221 15:08:40  49.2  50.5  50.5 
222 15:09:40  49.0  50.3  50.3 
223 15:10:40  48.9  50.2  50.2 
224 15:11:40  48.7  50.0  50.0 
225 15:12:40  48.6  49.9  49.8 
226 15:13:40  48.4  49.7  49.6 
(continued on next page) 
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archaeological samples may be difficult to determine with precision. 
Finally, the antimycotic properties of Posidonia oceanica may be an 
additional reason for their use, as this prevents the growth of fungi and 
infestation by parasites in mudbrick walls (Berfad et al., 2015). 
4. Discussion 
While only Posidonia oceanica was identified at the sites of Gournia, 
Malia, and Monastiraki, Zostera marina has been identified at other 
Minoan settlements (Devolder, 2009: 69). Furthermore, the use of sea-
grasses as vegetal temper has been documented in numerous Minoan 
centres such as Kato Zakro, Palaikastro, Khania, and Knossos (Devolder, 
2009; Guest-Papamanoli, 1978; and author personal visit to the sites). 
The analysis of the totality of earthen building materials from the three 
sites highlights specific patterns of use that provide answers to the 
original research questions and highlights a generalized and standard-
ized use of seagrasses in Minoan earthen constructions. These analyses 
provide us with many points of information regarding the mudbrick 
chaîne opératoire, which can be summarized as follows: 
- In the Prepalatial and Protopalatial periods the adoption of sea-
grasses employed alongside chaff is visible in the majority of Minoan 
centres. However, the limited number of Prepalatial samples (i.e., 
only 2 specimens, MA1 and MA51) must be acknowledged.  
- The species of seagrass identified at the three sites in this study, 
Posidonia oceanica, is the predominant species employed in mudbrick 
manufacture. 
- The use of seagrasses progressively increased during the Proto-
palatial, fast-tracking the use of this vegetal temper as the favoured 
mudbrick degreaser by the Neopalatial period.  
- The density of vegetal temper indicates that mudbricks produced 
with seagrasses required a smaller amount of vegetal temper, thus 
facilitating raw source procurement, as a lower quantity of temper 
was needed.  
- The seagrasses were used immediately after collection, and added to 
the mud mixture without extensive processing, usually at a length of 
10–15 cm. 
- The use of seagrasses – although in different proportions – is prev-
alent at coastal sites but also present at sites far away from the 
coastline.  
- The laboratory analyses on the use of seagrasses indicate numerous 
technological advantages in their use over chaff, i.e., thermal and 
antimycotic properties, and a low rate of water absorption. These 
properties increased the mechanical and thermal performance of the 
mudbricks, which may have played a role in the continuous use of 
seagrasses for over a millennium (Devolder and Lorenzon, 2019; 
Lorenzon, 2017: 275; Lorenzon, 2021). 
Vegetal temper is often the most significant component in the 
mudbrick mix, and represents a key component in the chaîne opératoire 
of mudbrick production. This is not only because it played a structurally 
important role for mudbrick makers with regard to material perfor-
mance and preservation, but also for archaeologists as vegetal temper 
contains a richness of information on past environments. For instance, 
the types of tempers can inform us about the natural environment and 
agricultural practices of the time, such as the prominence of barley and 
emmer chaff. The use of seagrasses is an evident break with neigh-
bouring manufacturing practices in the Aegean, and even later traditions 
within Crete (Guest-Papamanoli, 1978; in addition, author’s observa-
tions of Gournia postpalatial earthen building materials indicate the use 
of chaff and limited seagrasses, publication forthcoming). This raises 
questions about the reasons behind this change, the origin of it, and the 
continuity of use during the Minoan period. While the laboratory tests 
exposed that their natural properties may have been utilized to enhance 
building quality, their easy availability may also have played a role, at 
least in their early adoption. 
On the other hand, it is reductive to think about the selection of 
vegetal temper as being only functional or opportunistic; vegetal 
temper, like other types of resources, can also be selected for economic 
or cultural reasons (Boivin, 2004; Miller, 2007a:111). Archaeological 
and ethnoarchaeological work have shown how the selection of raw 
Table 4 (continued ) 
No Time Temp n.1 Temp n.2 Temp n.3 
227 15:14:40  48.2  49.5  49.4 
228 15:15:40  48.0  49.3  49.3 
229 15:16:40  47.9  49.1  49.1 
230 15:17:40  47.7  49.0  49.0 
231 15:18:40  47.4  48.7  48.7 
232 15:19:40  47.3  48.6  48.5 
233 15:20:40  47.2  48.4  48.4 
234 15:21:40  47.0  48.2  48.2 
235 15:22:40  46.8  48.1  48.0 
236 15:23:40  46.7  47.9  47.9 
237 15:24:40  46.5  47.8  47.7 
238 15:25:40  46.3  47.6  47.6 
239 15:26:40  46.3  47.4  47.4 
240 15:27:40  46.1  47.3  47.2 
241 15:28:40  45.9  47.1  47.1 
242 15:29:40  45.8  47.0  46.9 
243 15:30:40  45.6  46.8  46.8 
244 15:31:40  45.4  46.6  46.6 
245 15:32:40  45.3  46.5  46.5 
246 15:33:40  45.2  46.4  46.3 
247 15:34:40  45.0  46.2  46.2 
248 15:35:40  44.8  46.1  46.0 
249 15:36:40  44.7  45.9  45.9 
250 15:37:40  44.5  45.7  45.7 
251 15:38:40  44.4  45.5  45.5 
252 15:39:40  44.3  45.4  45.4 
253 15:40:40  44.1  45.3  45.2 
254 15:41:40  43.9  45.1  45.1 
255 15:42:40  43.8  45.0  45.0 
256 15:43:40  43.7  44.9  44.8 
257 15:44:40  43.6  44.7  44.7 
258 15:45:40  43.4  44.6  44.6 
259 15:46:40  43.3  44.5  44.4 
260 15:47:40  43.2  44.3  44.3 
261 15:48:40  43.0  44.2  44.1 
262 15:49:40  42.9  44.0  44.0 
263 15:50:40  42.8  43.9  43.9 
264 15:51:40  42.6  43.8  43.8 
265 15:52:40  42.5  43.7  43.6 
266 15:53:40  42.4  43.6  43.5 
267 15:54:40  42.3  43.4  43.4 
268 15:55:40  42.2  43.3  43.2 
269 15:56:40  42.0  43.1  43.1 
270 15:57:40  41.8  43.0  43.0 
271 15:58:40  41.7  42.8  42.8 
272 15:59:40  41.6  42.7  42.7 
273 16:00:40  41.5  42.6  42.5 
274 16:01:40  41.3  42.5  42.4 
275 16:02:40  41.2  42.3  42.3 
276 16:03:40  41.1  42.2  42.2 
277 16:04:40  41.0  42.1  42.1 
278 16:05:40  40.9  42.0  41.9 
279 16:06:40  40.8  41.9  41.8 
280 16:07:40  40.7  41.8  41.7 
281 16:08:40  40.6  41.7  41.6 
282 16:09:40  40.4  41.6  41.5 
283 16:10:40  40.3  41.5  41.4 
284 16:11:40  40.2  41.3  41.3 
285 16:12:40  40.1  41.2  41.2 
286 16:13:40  40.0  41.1  41.1 
287 16:14:40  39.9  40.9  40.9 
288 16:15:40  39.8  40.8  40.8 
289 16:16:40  39.6  40.7  40.7 
290 16:17:40  39.5  40.6  40.6 
291 16:18:40  39.4  40.5  40.5 
292 16:19:40  39.4  40.4  40.4 
293 16:20:40  39.2  40.3  40.3 
294 16:21:40  39.1  40.2  40.2 
295 16:22:40  39.0  40.1  40.1 
296 16:23:40  38.9  40.0  40.0  
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Fig. 12. Thermal behaviour of the two discs  
Fig. 13. Vegetal temper differences between chaff and seagrasses in thin section (PPL). A. Posidonia oceanica seagrasses; B. Barley chaff.  
Fig. 14. Salt efflorescences and marine gastropods in mudbricks (Photo credit Fig. 14A: Janet Spiller, © Courtesy of the GEP; Fig. 14B by the author).  
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sources is rarely casual, but is in fact often motivated by multiple factors. 
For instance, seagrasses can be collected from marshes and beaches all 
year around, thus allowing mudbrick manufacturing at any time and 
removing its reliance on the seasonality of the agricultural cycle. This 
reasoning, however, does not consider that chaff was still used in mud 
plaster over the whole Minoan period, but could reflect that mudbrick 
manufacture became more than a part-time job for a sector of the pop-
ulation, possibly in response to the increased demand of ‘palace’ 
builders (Devolder and Lorenzon, 2019). This also seems to compart-
mentalize the chaîne opératoire as brick manufacturers and builders can 
work independently of each other. 
Monastiraki represents a particularly interesting case study in this 
respect, as there the type of temper used was mainly straw and chaff 
with a limited amount of seagrass (Posidonia oceanica). The site is 
located 25 km from the nearest coastline, and thus even the limited 
employment of seagrasses in mudbrick manufacturing implies a clear 
effort to procure this type of vegetal temper. So far, it is impossible to 
determine whether the Posidonia oceanica arrived in exchange alongside 
other marine goods (seashells have been identified at Monastiraki and 
related to the dyeing industry) or was purposefully sought after by itself 
(Carannante, 2006: 107-111; De Murtas, 2006: 113-121). The limited 
amount of Posidonia oceanica at Monastiraki might have resulted from 
difficulty of accessibility, but also may have a chronological factor, as 
the majority of sites in the Protopalatial period made similar use of chaff 
and seagrasses together. We need to look at the employment of sea-
grasses as an island-wide phenomenon of Minoan earthen production 
and a clear distinguishing factor of Minoan mudbrick recipes. 
While Posidonia oceanica is endemic to the Mediterranean Sea, and 
particularly widespread in the eastern Mediterranean, the adoption of 
this new type of vegetal temper raises questions about technological 
choices being combined with cultural ones. In Minoan Crete there was 
high availability of straw from cereal cultivation, and chaff was widely 
used in other earthen materials and installations; hence, the distinctive 
selection rationale guiding the choice of vegetal temper went well 
beyond simple opportunistic choices, and was likely a cultural one. At 
Gournia, the percentage of Posidonia oceanica in mudbricks progres-
sively increases during the Protopalatial period, but at Malia during the 
same period it already constitutes almost all of the vegetal inclusions. 
While experimental testing indicates that Minoan communities’ 
adoption of Posidonia oceanica in their mudbrick architecture may be the 
result of its enhancing material performance, the essential association of 
Posidonia oceanica with the sea may also have played a role, perhaps 
adding a cultural nuance to the material selection. An interesting 
drawback to the use of unrinsed seagrasses is the possible negative effect 
of salt in the deterioration of earthen walls. Nitrates and other salts may 
migrate through the bricks transported by the different cycles of 
evapotranspiration, infiltrating the voids present in the material and 
once they absorb water, swell, and crystallize, they create tensile stress 
that can potentially weaken the mudbrick matrix (Guillaud, 2008: 27; 
Jerome, 1991; Oliver, 2008:109). Even with its structurally damaging 
presence, vernacular practices of salts intentionally added to earthen 
materials (i.e., mortars, roofs, rammed earth) have been documented in 
ancient and modern constructions (Ahmed, 2014; Rovero et al., 2009; 
Wulff, 1966; Zheng, 1985). 
Minoan mudbrick manufacturers had multiple reasons to select 
Posidonia oceanica: opportunistic, technological, economic, and likely 
cultural. It is relevant to note that mud plaster, tiles, and ceramic 
building materials relied on chaff as vegetal temper during the Proto-
palatial and Neopalatial periods, but this may reflect the application of 
plasters and mortars by professional builders. In this latter case using 
chaff tempered wall plasters might have helped avoid salt efflorescence 
from the seagrass tempered mudbricks penetrating the wall plaster itself 
as such efflorescences would have affected mural paintings, quite 
common in Minoan ‘palace’ architecture. 
The preference for Posidonia oceanica in mudbricks was likely linked 
to this species’ availability as a raw resource and its improved material 
performance. The use of vegetal temper and soils are both specific 
technological choices that are used to improve the construction quality 
of earthen building materials, but their selection is a multifaceted and 
complex process that is often influenced by multiple considerations 
(Boivin, 2004; Devolder and Lorenzon, 2019; Sillar and Tite, 2000). The 
research sampling rationale utilized here included a wide variety of 
typological (i.e., domestic, public, workshop) and historical (Prepalatial, 
Protopalatial and Neopalatial) contexts. In all of the case studies dis-
cussed, the geoarchaeological results showed no differentiation of veg-
etal temper based on context, thus favouring the idea that procurement 
and manufacturing were carried out at the community level and were 
somewhat standardized, at least regarding vegetal temper. While future 
studies should focus on pinpointing the initial adoption of seagrasses in 
the Prepalatial, or even before in the Neolithic period, it is now possible 
to identify their progressive abandonment in the Postpalatial period, 
indicating at least a partial loss of specialized architectural knowledge 
and techniques, or perhaps a loss of the cultural value of seagrasses 
among the mudbrick manufacturers. 
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